Sonic Hedgehog (Shh) and Indian Hedgehog (Ihh) are members of the Hedgehog (Hh) family of signaling molecules known to be involved in embryonic patterning and morphogenesis. The Hh proteins undergo an autocatalytic cleavage to yield an N-terminal and a C-terminal peptide, with the signaling capacities confined to the N peptide. Drosophila Hh-N has been shown to act via both short-and long-range signaling. In vertebrates, however, attempts to directly demonstrate Shh (SHH) or Ihh (IHH) proteins at a distance from producing cells have been largely unsuccessful. Furthermore, the fact that the Hh N peptides occur in a cholesterol-modified, membrane-tethered form is not easily reconciled with long-range signaling. This study used optimized immunohistochemistry combined with tissue separation and biochemical analyses in vivo and in vitro to determine the range of action of SHH and IHH in the mouse embryo. In all embryonic structures studied, we detect signaling peptides in producing cells, but we also find that ligands move over considerable distances depending on the tissue. These data provide direct evidence for the presence of Hedgehog signaling peptides in target compartments, suggesting a direct long-range action without a need for secondary mediators. Visualization of Hedgehog proteins in target tissues was achieved only under conditions that allowed proteoglycan/glycosaminoglycan (PG/GAG) preservation. Furthermore, we show that induced changes of the composition of PG/GAG in the tooth alter SHH signaling. These data suggest a crucial role for PG/GAGs in Hedgehog movement.
INTRODUCTION
Hedgehog proteins are crucial in vertebrate and invertebrate species where they participate in embryonic patterning events. In mammals, three members have been identified and are homologous to the Drosophila hedgehog gene (Hh). Sonic hedgehog (Shh) is expressed in several vertebrate organizing centers and is a key signal in coordinating the regulation of cell proliferation and cell-fate determination (Bitgood and McMahon, 1995; Hammerschmidt et al., 1997; Tabin and McMahon, 1997) . The other two mammalian Hh members, Indian hedgehog (Ihh) and Desert hedgehog (Dhh), are expressed in cartilage and testes, respectively, and are crucial for their development (Bitgood and McMahon, 1995; Bitgood et al., 1996; Vortkamp et al., 1996; St-Jacques et al., 1999) . Both Drosophila Hh and vertebrate Shh proteins undergo autocatalytic cleavage to yield an N-terminal and a C-terminal peptide (Lee et al., 1994; Bumcrot et al., 1995) with the signaling capacities confined to the N peptide (Fietz et al., 1995; Marti et al., 1995b; Porter et al., 1995; Roelink et al., 1995) . During this processing, a cholesterol moiety is covalently attached to the N peptide cleavage product (Porter et al., 1996a,b) . Biochemical studies in vitro demonstrated that this modification leads to membrane localization of Hedgehog signals (Bumcrot et al., 1995; Porter et al., 1995) . Studies in Drosophila indicate that the hydrophobic modification of Hedgehog proteins by cholesterol seems to be necessary for the proper spatial pattern in the developing embryo but is not required for signaling (Porter et al., 1996a; Burke et al., 1999) .
Hh peptide binds to a membrane receptor patched (Ptc) (Marigo et al., 1996a; Stone et al., 1996) . Binding of Hedgehog to Ptc is thought to relieve Ptc-mediated inhibition of the activity of Smo, a second multipass membrane protein, by a nonstoichiometric mechanism (Denef et al., 2000) , leading to the activation of transcriptional targets, which include Ptc itself (Ingham, 1998) . In mammals, two Ptc genes Motoyama et al., 1998) have been identified, and both encode proteins which bind to Hedgehogs with similar affinity (Carpenter et al., 1998) . Patched-1 (Ptc1) is confined to target cells and is upregulated in response to Hedgehog signaling. Therefore, transcriptional activation of Ptc1 has been used as indirect reporter for Shh protein (SHH) distribution . Mice lacking Ptc1 activity display a constitutive activation of Hedgehog response genes in target tissues (Goodrich et al., 1997) .
Drosophila Hh is both a short-and long-range signal. Similarly, SHH has been shown to act at a short distance in a contact-dependent manner to mediate induction of the floor plate by the notochord (Marti et al., 1995b; Roelink et al., 1995) . A long-range signaling activity of SHH has been suggested in the induction of sclerotomal cell fates in the ventral somite and in patterning the ventral neural tube (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994; Marti et al., 1995b; Roelink et al., 1995; Ericson et al., 1996) as well as in anterior-posterior patterning within the limb bud (Riddle et al., 1993; Marigo et al., 1996b; Yang et al., 1997) . In other vertebrate embryonic locations, in which Hedgehog members are known to have potent patterning and morphogenic activities, it is still unclear whether they signal locally or at a distance from Hedgehog-producing cells, or whether secondary signals mediate Hh action. Attempts to demonstrate SHH at a distance from SHHproducing cells by immunohistochemistry have not been successful, possibly due to technical difficulties in detecting low levels of a potent protein. One exception is, however, a recent report demonstrating the association of SHH with endocytic vesicles in the neural tube at a distance from its source (Incardona et al., 2000) .
How Hh might move over a long distance to exert its long-range activity is unclear. However, an insight has come from Drosophila studies of Tout-velu (ttv), which encodes a member of the EXT gene family, a group of proteins associated with the human multiple exostoses syndrome, characterized by abnormal bone outgrowth and a high incidence of chondrosarcomas and osteosarcomas. Ttv has been shown to be required specifically for the movement of cholesterol-modified Hh (Bellaiche et al., 1998; The et al., 1999) . Furthermore, ttv was found to be involved in heparan sulfate proteoglycan (HSPG) biosynthesis . EXT products are found in the endoplasmic reticulum (Lin et al., 1998; McCormick et al., 1998) where they are likely involved in the synthesis of HSPG. The lack of EXT function, and thus of HSPG function, might lead to aberration in Hh movement, either by inhibition of internalization of Hh protein or in altering its translocation in the responding compartment, or both. Drosophila sulfateless, which encodes an N-deacetylase/N-sulfotransferase, has also been shown to regulate Hh movement . Together, these studies provide strong evidence for the involvement of HSPGs in Hh movement.
This study was designed to examine the distribution of Hh ligands in the vertebrate embryo by using optimized immunohistochemical procedures, tissue separation, biochemical analyses, and complementary control analyses made on tissues from Shh and Ihh mutant animals. The functional relationships between Shh protein and proteoglycans/glycosaminoglycans were also addressed in the developing tooth.
MATERIAL AND METHODS

Antibodies
Generation of antisera Ab80 and Ab79 has been described in detail elsewhere (Bumcrot et al., 1995; Marti et al., 1995a) . Ab79 recognizes both the full-length and the 19-kDa N-terminal fragment and cross-reacts weakly with the 27-kDa mouse SHH C-peptide. Ab80 recognizes only the full-length and the 19-kDa N-terminal peptides. The mouse monoclonal antibody 5E1 to SHH, developed by Ericson et al. (1996) , was obtained from the Developmental Studies Hybridoma Bank (DSHB) developed under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological Sciences (Iowa City, IA). MAb 5E1 recognizes the 19-kDa processed form of SHH. Monoclonal antibodies to chondroitin-6-sulfate (MC21C; Mark et al., 1990) and to native heparan sulfate chains (10E4; David et al., 1992; Bai et al., 1994) were obtained from Seikagaku Corporation.
Immunohistochemistry
C.B-17/Icr Scid/Scid mice were from MB A/S (Lille Skensved, Denmark). Tissues from Scid embryos and mice at 2-7 days postpartum (dpp) were used in this study to avoid nonspecific immunoreactions with the mouse monoclonal antibodies. For the staging of embryos, noon of the day on which the plugs were detected was considered as E0.5.
Embryos and tissues were fixed at 4°C overnight in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. After fixation, specimens were washed in PBS containing 50 mM NH 4 Cl, then processed for paraffin embedding. Other specimens were fixed overnight in cold 95% ethanol and 1% acetic acid (Sainte Marie's solution), then washed in 95% ethanol and processed for paraffin embedding.
Six-micrometer-thick sections were dewaxed and rehydrated and endogenous peroxidase was blocked by incubation in 3% H 2 O 2 in methanol. Nonspecific stainings were preblocked with 5% normal sera in PBS-0.1% Triton X-100 from the same species as the secondary antibodies. Sections were incubated overnight at 4°C with primary antibodies diluted in PBS containing 0.1% Triton X-100 and 0.2% BSA. For detection of immunoreactive sites, biotinylated goat anti-rabbit and horse anti-mouse (Vector Laboratories, Burlingame, CA) were used together with the Tyramide Signal Amplification kit (NEN Life Science Products) according to the manufacturer's instructions. The primary antibodies were used at 1:200 -1:250 (5E1 ascites) and at 1:400 -1:500 (Ab80 and Ab79 for paraformaldehyde-fixed specimens) and at 1:500 -1:1000 (Ab 80, Ethanol-acetic acid-fixed specimens). Some cartilage sections were treated with 1 mg/ml bovine testes hyaluronidase (EC 3.2.1.35, Sigma Cat. No. H3884) in enzyme buffer before or after blocking endogenous peroxidase. Hyaluronidase buffer consisted of 50 mM acetate buffer, pH 5.5, containing 150 mM NaCl, 5 mM Na 2 -EDTA, 2.5 mM benzamidine hydrochloride, and 10 g/ml soybean trypsin inhibitor. After immunohistochemistry, sections were stained with Richardson's azure II-methylene blue.
Controls for antibody and immunostaining specificities included the use of other monoclonal antibodies, such as anti-p27 kip1 , substitution of the primary antibodies with normal mouse IgG1 or rabbit normal serum, and tissues from Shh (St-Jacques et al., 1998; Dassule et al., 2000) and Ihh (St-Jacques et al., 1999 ) mutant mice.
In Situ Hybridization
Sections for hybridization were prepared from embryos and from pups at 5-and 7-dpp with 35 S-UTP-labeled riboprobes essentially as described by Wilkinson et al. (1987) . Tooth explants cultured in vitro were also processed for in situ hybridization. A HindIIIlinearized 0.7-kb Shh template (Echelard et al., 1993) and a BamHIlinearized 0.8-kb Ptc1 template (kindly provided by Dr. Helena Edlund) were transcribed with T3 RNA polymerase. Embryos at E10.5 were processed for whole-mount in situ hybridization (Wilkinson, 1992 ) with a Shh riboprobe, embedded in paraffin wax, and sectioned at different axial levels.
Specimens for immunohistochemistry and in situ hybridization were analyzed with a Nikon microscope and photographed with Kodak Ektachrome E100S film. Images were scanned with a Nikon 35-mm film scanner and processed with Adobe Photoshop software.
Enamel Organ Epithelium-Dental Papilla Separation and SHH Protein Analysis
First mandibular and maxillary molars from E17.5 and E18.5 mouse embryos were dissected into 10 mM EDTA in Hank's Balanced Salt Solution without Ca 2ϩ and Mg 2ϩ (HBSS) for 5 min, then washed several times with ice-cold HBSS. The dental epithelium and the papilla mesenchyme were separated mechanically by using sharp needles. The EDTA treatment followed by a mechanical dissociation results in an isolated epithelial enamel organ and the mesenchymal dental papilla totally devoid of any epithelial contamination (Osman and Ruch, 1981) . The basement membrane remains attached to the surface of the dental papilla (Osman and Ruch, 1981) .
The tissues were either dissolved directly in sample buffer or lysed in lysis buffer consisting of 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA, 150 mM NaCl, 20 mM Hepes, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 g/ml aprotinin, and 2 g/ml leupeptin. Fifty-microgram soluble proteins were loaded onto a 4 -12% NuPAGE Bis-Tris gradient gel and electrophoresed in the presence of MES-SDS running buffer (NOVEX, San Diego, CA) under reducing conditions. After transfer, nitrocellulose membranes were incubated with Ab80 diluted 1:4000 in TBST (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 0.1% Tween 20) containing 5% nonfat dry milk. Goat anti-rabbit HRP-conjugated secondary antibody (New England Biolabs, Beverly, MA) was used at 1:10,000 in TBST containing 5% nonfat dry milk. Immunoblots were developed with the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce, Rockford, IL).
First mandibular molars from E18.5 mouse embryos were dissected, and the enamel organ was separated from the dental papilla as described above. The separated tooth components were cultivated on 0.1-m pore size Nuclepore filters supported by metal grids for 24 -48 h in BGJb medium containing 40 g/ml transferrin, 0.1% BSA, 150 g/ml ascorbic acid, 2 mM Glutamax, 50 ng/ml FGF-2, and antibiotics in a humidified atmosphere of 5% CO 2 in air at 37°C. Some of the separated tooth components were fixed immediately in 4% paraformaldehyde in 0.1 M phosphate buffer and processed for immunohistochemistry as described above.
Inhibition of PG/GAG Synthesis and Sulfation
Mandibular first and second molars from E15.5 and E18.5 and humeri from E16 Scid embryos were grown in culture on 0.45-m pore size Millipore filters supported by metal grids. The culture conditions were as described above, except that FGF-2 was omitted. The tooth germs were cultivated for 24 -96 h in the absence or presence of 30 mM sodium chlorate. Some tooth rudiments were cultured for 24 -48 h in the presence of chlorate with or without 0.5 U/ml of each heparitinase (Heparinase III, E.C. 4.2.2.8, Sigma H-8891) and chondroitinase ABC (E.C. 4.2.2.4, Sigma C3667). Teeth were also cultivated in the presence of 500 M and 1 mM ␤-xyloside (p-nitrophenyl-␤-D-xylopyranoside; Calbiochem) or with its inactive ␣-anomer (p-nitrophenyl-␣-D-xylopyranoside; Sigma). Humeri were cultivated for 6 days in the absence or presence of 25 M suramin. The specimens were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer or in Sainte Marie's solution and processed for immunohistochemistry and in situ hybridization as described above.
Preparation of Sonic Hedgehog Protein from Mineralized Tissues of the Tooth
Noncollagenous proteins (NCPs) were extracted from rat incisor dentin essentially as described (Linde et al., 1980 (Linde et al., , 1983 . Incisors were dissected from approximately 100 male albino SpragueDawley rats (b.w. 250 -450 g), freed from adhering bone and soft tissue, cracked open to remove the soft dental pulp tissue, and cut into fragments. The fragments were stirred vigorously for 4 days at 4°C with daily changes of 200 ml GuCl solution (4 M guanidine chloride, 10 mM Na 4 -EDTA, 100 mM 6-aminohexanoic acid, 5 mM benzamidine-HCl, 1 mM PMSF, 1 mg/l soybean trypsin inhibitor, and 50 mM sodium acetate, pH 6.5) in order to remove remnants of soft tissue, blood, and other soluble components. Washing solutions were discarded. The teeth were then demineralized in order to extract soluble NCPs retained inside the mineralized tissue. Tooth fragments were transferred to dialysis bags (nominal cut-off of 10 -12 kDa; Spectrapor) and dialyzed for 24 days at 4°C against four changes of 800 ml EDTA solution (250 mM Na 4 -EDTA, 1 mM Na-iodoacetate, 100 mM 6-aminohexanoic acid, 5 mM benzamidine-HCl, 1 mM PMSF, 1 mg/l soybean trypsin inhibitor, and 20 mM Tris, pH 7.4). The EDTA extract contained in the bag was dialyzed (3.5-kDa bags) extensively against distilled water for 7 days and then lyophilized. To solubilize remaining NCPs, adhering strongly to the dentin collagenous matrix, the demineralized tooth shards were further extracted with GuCl for 4 days in 200 ml GuCl solution (as above), and the supernatant was dialyzed (3.5-kDa nominal cut-off bags) against distilled water for 5 days at 4°C with daily changes. The precipitate formed was separated from the clear solution by centrifugation, and the supernatant was lyophilized.
In order to enrich for possible Hedgehog protein in the crude EDTA and GuCl extracts, these were subjected to affinity chromatography on 5-ml Hi-Trap Heparin columns (Pharmacia) equilibrated with 20 mM phosphate buffer, pH 7.1. Columns were run at 0.5 ml/minute at room temperature and monitored at 226 nm. Dentin EDTA (200 mg) or GuCl (150 mg) extracts, dissolved in 25 ml starting buffer, were applied to the column, which was then washed with 50 ml starting buffer followed by a 60-ml wash with 0.2 M NaCl in buffer. Heparin-binding components were then eluted step-wise with 50 ml each of 0.5 M NaCl and 2 M NaCl, respectively, in phosphate buffer. Fractions were dialyzed against water for 3 days and lyophilized.
To determine whether SHH is deposited in dental enamel, incisors were dissected from 20 rats (as above), carefully wiped free from adhering soft tissue and blood with a soft paper, and the pre-enamel on the concave proximal portion of the teeth was dissected with a scalpel. The pooled sample was transferred to a dialysis bag (12-14 kDa) and dialyzed at 4°C against EDTA solution (see above) for 4 days followed by GuCl solution (as above) for 3 days and then against daily changes of distilled water for 4 days. A slight precipitate was removed by centrifugation, and the supernatant was lyophilized.
Proteins from the three tissue extracts as well as the affinity chromatography fractions were mixed with sample buffer and separated by SDS-PAGE as above. After transfer, membranes were incubated with Ab80 and processed for chemiluminescence detection as above.
RESULTS
SHH Protein Localizes not only in Producing Cells of the Developing Tooth but also in Tissues Expressing Transcriptional Targets and Effectors of Shh Pathway
Shh is expressed exclusively in the epithelial component of the developing tooth (Bitgood and McMahon, 1995; Vaahktokari et al., 1996) . General transcriptional targets and effectors of Shh, including Ptc1, Hip1, Gli1, Gli2, and Gli3, are, however, expressed in the dental papilla and dental sac mesenchymes Hardcastle et al., 1998; Dassule et al., 2000) . The expression of these Shh transcriptional targets at many cell diameters away from Shh-producing cells suggests a long-range action of SHH. Whether SHH signals directly or via secondary mediators in the tooth is, however, not known. Using standard immunohistochemical procedures, we attempted unsuccessfully to determine whether SHH protein could be localized in tooth components expressing Shh transcriptional targets.
In order to improve the conditions for optimal SHH antigen detection, different fixatives, postfixation washes, and detergent concentrations were compared. Paraformaldehyde fixation allowed the detection of SHH in sites of high expression, such as the floor plate, notochord, and inner enamel epithelium. However, with the exception of the tooth, this fixation was not permissive for the visualization of the signaling peptide in target tissues. We found that fixation in ethanol-acetic acid (Sainte Marie's solution), a fixative classically used for optimal preservation of PG/GAG (Tuckett and Morriss-Kay, 1988) , dramatically improved SHH detection and allowed the use of higher antibody dilutions.
This optimization of the immunohistochemical staining technique allowed the detection of SHH in different developing organs including the tooth in vivo. The three antibodies gave essentially similar results. In the tooth at the cap stage, SHH immunostained the enamel knot (Figs. 1A and 1B), which is the sole site of Shh transcription at this stage (Vaahktokari et al., 1996) . Staining was also found in the developing stellate reticulum (SR), the rest of the inner enamel epithelium (IEE), the outer enamel epithelium (OEE), as well as in the mesenchymal component including the dental papilla and dental sac (Figs. 1A and 1B) . Interestingly, the basement membrane separating the epithelial and mesenchymal tissues of the tooth was strongly stained (Figs. 1A and 1B) . At the early bell stage, SHH immunoreactivity extended laterally in cells of the IEE which expresses Shh transcripts and was found in the SR and dental papilla (Fig. 1C ). In the molar at the bell stage, differentiating odontoblasts exhibited a dramatic increase in SHH immunoreactivity, and the newly secreted predentin was strongly stained as well . SHH antigenicity in the rest of the dental papilla exhibited a gradient of staining, being stronger in the coronal and buccal aspects, and gradually diminishing toward the cervical and lingual aspects of the teeth (Figs. 1C-1F ). Cells of the stratum intermedium (SI) showed a dramatic increase in SHH staining (Figs. 1D, 1F, and 1G). Despite the sequestration of SHH peptide in the basement membrane separating the IEE cells and preodontoblasts, the signaling peptide managed to reach the deeper cell layers of the dental papilla. In molar sections taken at 5 dpp, SHH was downregulated in differentiated ameloblasts but was still present in differentiating ameloblasts at the cervical region and in the less developed cusps (Fig. 1G ), in agreement with the expression of Shh transcripts ( Fig. 2A) . The basement membrane separating mesenchymal cells from the epithelial root sheath (ERS) displayed staining likely representing SHH derived from the ERS (Fig. 1G ), as this structure expressed Shh mRNA ( Fig.  2A) . Cells of the SI and the SR as well as the dental sac exhibited a robust boost in immunostaining (Figs. 1G and 1H) .
Cells of the Stratum Intermedium and Stellate Reticulum Express Shh mRNA and Protein, and Ptc1 Expression Is Upregulated in the Differentiating Odontoblasts and Secretory Ameloblasts
To determine whether the presence of SHH immunoreactivity in the SR and SI is secondary to diffusion of SHH signaling peptide from preameloblasts/differentiating ameloblasts, or whether it is due to the expression of the transcript by these cells, Shh mRNA expression was analyzed. At the late bell stage, Shh expression was confined to differentiating ameloblasts and to preameloblasts in the cervical region and was downregulated in terminally differentiated ameloblasts. In addition, cells of the SR and the SI exhibited strong Shh expression ( Fig. 2A ). This shows that the immunostaining of these structures was mainly due to their synthesis of the protein. . Frontal section of a molar at the bell stage; arrowhead shows staining of predentin (E). Section at the anterior part of an E18.5 incisor (F). Section from a tooth at the late bell stage showing the absence of SHH immunostaining in differentiated ameloblasts and its presence in differentiating ameloblasts at the cervical region (arrow in G) and in the basement membrane (arrowhead in G); the rest of the enamel organ and dental papilla are also stained (G). High magnification of the intercuspal region in (G), showing the strong immunostaining of the stellate reticulum (SR) and stratum intermedium (arrow in H) and the new features of the SR after its invasion by connective tissue (H). Sections shown in (C-F) are from specimens fixed in paraformaldehyde. Sections shown in (A), (B), (G), and (H) derive from specimens fixed in Sainte Marie's solution. Sections in (A-C), (E), (G), and (H) are stained with Ab80. Sections in (D) and (F) are immunostained with MAb 5E1. Abbreviations: Am, ameloblasts; DM, dental mesenchyme; DP, dental papilla; EK, enamel knot; ERS, Hertwig's epithelial root sheath; IEE, inner enamel epithelium; Od, odontoblasts; OEE, outer enamel epithelium; PA, preameloblasts; Pd, predentin; SI, stratum intermedium; SR, stellate reticulum. Scale bars, 50 m (E); 100 m (A-D, F, H); 200 m (G).
In molars at the bell stage, Ptc1 exhibited a sharp boost in differentiating and young odontoblasts (not shown). At the late bell stage (5-7 dpp in the first lower molar), Ptc1 was upregulated in the SI/SR, whereas it declined in mature odontoblasts (Fig. 2B ). In addition, secretory ameloblasts showed a second boost of Ptc1 expression at P-7 (Fig. 2C ). Since in fully differentiated ameloblasts Shh expression is downregulated (not shown), the induction of Ptc1 transcription in these cells may be secondary to SHH signaling from the overlying SI.
SHH Immunoreactivity in the Dental Papilla Represents the 19-kDa Processed SHH Form (SHH-Np) and Is Absent in Tooth-Specific Shh Mutant Teeth
To rule out that our SHH immunostaining in the dental papilla and dental sac was due to some nonspecific binding, and to demonstrate that the staining in the dental papilla represented the 19-kDa N peptide (SHH-Np) derived from the producing preameloblasts, immunohistochemistry was carried out on isolated dental tissues cultured in vitro. Sections from isolated dental papillae cultured for 24 h in vitro showed a total lack of, or barely detectable, SHH antigenicity ( Fig. 2E ), indicating that removal of the epithelial source of SHH resulted in SHH-depleted papillae. Dental papillae fixed just after dissection without further cultivation exhibited a strong SHH immunostaining in the cellular contingent as well as in the basement membrane and early dentin (Fig. 2F ). The isolated epithelial enamel organs, consisting of preameloblasts, SI, SR, and OEE, showed strong SHH immunoreactivity before ( Fig. 2H ) as well as after ( Fig. 2G ) 24 h of culture in vitro.
To give further support to this finding, we analyzed extracts from isolated dental papillae and from isolated . Ptc1 expression in the first molar at 5 (B) and 7 dpp (C). Ptc1 is expressed in the dental sac (arrowhead in B), stratum intermedium, stellate reticulum, preameloblasts, and young odontoblasts at the cervical zone (arrow in B) as well as in the developing epithelial root sheath (asterisk in B). At 7 dpp, Ptc1 is strongly expressed in ameloblasts (arrow in C) and in the stratum intermedium (C). Enamel organ and dental papilla after treatment with EDTA and mechanical separation (D). SHH immunostaining (Ab80) in sections from E18.5 first lower molars after tissue separation (F and H) and culture in vitro (E and G). Absence of SHH protein in the isolated dental papilla after 24 h of culture in vitro (E). SHH is found in the dental papilla, basement membrane, and predentin (arrow) and on the surface of newly differentiated odontoblasts of an isolated dental papilla fixed after dissection without further culture (F). SHH is present in the isolated enamel organs both before (H) and after culture in vitro (G). Sections from E18.5 WT (I) and Shh mutant (J) first mandibular molars immunostained with Ab80. Arrow and arrowhead in (I) show staining of predentin and basement membrane, respectively. The nonspecific staining in the oral epithelium (arrowhead in J) is due to a long incubation with the substrate. Abbreviations: Am, ameloblasts; DP, dental papilla; EO, enamel organ; IEE, inner enamel epithelium; Pa, preameloblasts; SR, stellate reticulum. Scale bars, 100 m (J); 200 m (A-C, E-I); 400 m (D).
enamel organs by Western blotting. E17.5 or E18.5 first molars were mechanically dissociated after treatment with EDTA. This procedure allows for a very clean separation of the two components (Fig. 2D) . Western blot analysis with Ab80 showed that extracts of both epithelial enamel organ and mesenchymal dental papilla expressed the 19-kDa SHH-Np, whereas only the enamel organ displayed a band corresponding to the full-length SHH (Figs. 3A and 3B ). These data show that SHH-Np moved deep into the dental papilla. This gives further support to the specificity of the staining revealed by immunohistochemistry with the three anti-SHH antibodies. Both in Drosophila and in vertebrates, the uncleaved Hedgehog precursor protein is present in amounts significantly lower than the processed N-terminal form. Visualizing the band corresponding to the full-length SHH protein in tissue extracts prepared in lysis buffer (Fig.  3B ) required prolonged film exposure with some associated background.
Finally, we examined SHH immunostaining on tissue sections of developing first molars at E18.5 derived from mutant mice lacking Shh activity in the tooth (Dassule et al., 2000) . SHH staining exhibited similar patterns of distribution in molar sections from WT embryos as those described above (Fig. 2I) . No staining was detected in sections from the mutant molars (Fig. 2J ). These and the findings described above strongly suggest that SHH signals both short-and long-range to regulate tooth development. The data also demonstrate that the activation of SHH signal transduction cascade does not need to involve intermediary signals between sending and receiving cells, as SHH itself acts at long range on target cells.
SHH Is Associated with the Mineralized Extracellular Matrix of the Tooth
To determine whether SHH protein localized in the dentin matrix as suggested by immunohistochemistry, we used 4 M GuCl extraction and EDTA demineralization at neutral pH to solubilize the dentin matrix (Linde et al., 1980 (Linde et al., , 1981 . As shown in Fig. 3C , the EDTA-extracted material exhibited a distinct immunoreactive band corresponding to the SHH-Np form, indicating that this protein was indeed incorporated into the matrix (Fig. 3C, lane 2) . It was also possible to detect a weak immunoreactive band in the GuCl extract (Fig. 3C, lane 1) . The crude EDTA and GuCl extracts were further enriched for heparin-binding components by affinity chromatography. Immunoreactive components were present in the 0.5 M NaCl and 2 M NaCl eluates of both extracts (Fig. 3C, lanes 3-6) . However, in addition to the full-length N-terminal peptide, a couple of additional bands of lower apparent M r were present, which presumably represent degradation products formed during chromatographic processing as they were not conspicuously present in the crude extracts. No immunoreactive component could be demonstrated in extracts from dissected pre-enamel (not shown).
Long-Range Action of Indian Hedgehog in Cartilage
Given the above results on the movement of SHH in the developing tooth, and taking advantage of the fact that anti-SHH antibodies cross-react with IHH, we next examined the range of IHH in cartilage. IHH is produced by prehypertrophic chondrocytes and is thought to have several target compartments, including the perichondrium, proliferating chondrocytes, and chondro-osseous junction. By using the optimized immunohistochemistry enhancement methodology developed for the tooth, sections from paraformaldehyde-fixed developing bones of E17.5-E18.5 Scid embryos were processed for immunostaining with MAb 5E1 or Ab80. Analysis showed that IHH was confined to prehypertrophic chondrocytes (not shown). Next, immunohistochemistry was conducted on sections from E16 humeri treated for 6 days in vitro with suramin, a drug known to induce alterations of PG/GAG in cells and extracellular matrices (Gritli et al., 1993) . Analysis showed the presence of IHH immunoreactivity not only in producing cells but also in the extracellular matrix in both the mature and proliferation zones (Fig. 4A) .
This indicated that the failure to detect IHH immunoreactivity in the extracellular space of cartilage from in vivo specimens could be due to difficulties in visualizing minute amounts of the signaling peptide by this methodology. However, it is well known that secreted molecules are difficult to detect in the extracellular matrix of cartilage due to antigen masking by hyaluronic acid and some proteoglycans. To overcome this, sections from E17.5-E18.5 embryos as well as from postnatal growing bones fixed in paraformaldehyde were treated with hyaluronidase and then reacted with Ab80. This treatment allowed the visualization of IHH not only in producing cells but also in the extracellular compartment (not shown). To determine whether the extracellular staining of cartilage after hyaluronidase treatment was specific to IHH, sections from E18.5 WT and IhhϪ/Ϫ mutant hind limb cartilage were processed. Immunostaining of cartilage from WT (Fig. 4B) was essentially similar to that obtained with Scid embryo cartilage. The immunostaining extended bidirectionally; from prehypertrophic chondrocytes to proliferating chondrocytes, and from prehypertrophic chondrocytes to the primary spongiosa, the site of substitution of hypertrophic cartilage with osteogenic cells. Furthermore, the perichondrium/periosteum adjacent to the prehypertrophic and proliferating chondrocytes was immunopositive (Fig.  4B) . Neither prehypertrophic chondrocytes, nor the extracellular matrix in cartilage elements from IhhϪ/Ϫ embryos were stained (Fig. 4C) .
Next, IHH immunodetection was carried out on sections from limb and nasal cavity cartilage which had been fixed in ethanol-acetic acid. Although no enzymatic pretreatment of sections was made, IHH immunostaining was strong, and the distribution pattern of the extracellular staining was similar to that obtained after hyaluronidase treatment (Figs. 4D-4F ). As controls for immunospecificity, sections from E18.5 WT and IhhϪ/Ϫ limb cartilage, fixed in ethanol-acetic acid solution, were processed on the same slide. Cartilage from the WT limbs exhibited similar distribution patterns to those described above (Fig. 4G) . Cartilage from IhhϪ/Ϫ limbs was totally devoid of staining (Fig. 4H) . Sections from caudal vertebrae of IhhϪ/Ϫ embryos showed SHH staining in the vestigial notochord, representing SHH, whereas staining of cartilage vertebrae was negative for IHH (Fig. 4I) . Ethanol-acetic acid fixation also allowed us to detect IHH immunoreactivity in early chondrocyte condensations in the zeugopod and stylopod at E11.5 (see Fig. 6P ).
Long-Range Signaling of SHH and IHH in the Early Somite Embryo
In E8 -E8.5 embryos, at the caudal extension of the neural plate (caudal neuropore), in a region situated caudal to the notochordal plate and rostral to the primitive streak, immunostaining with Ab80 was strong in ventral hind gut endoderm and weaker at its dorsal aspect (Figs. 5A and 5B). Furthermore, weak pericellular staining, likely representing SHH/IHH emanating from the gut endoderm, was found in axial and paraxial mesoderm (Figs. 5A and 5B). Early celllineage and fate-mapping studies convincingly established that prospective notochordal cells in the mouse are derived from the node (Lawson et al., 1991; Beddington, 1994; Sulick et al., 1994) , which expresses Shh (Echelard et al., 1993) . At progressively more rostral levels, newly nodederived notochordal cells exhibited weak but detectable SHH immunoreactivity (Fig. 5C) . Later, the notochord and notochordal plate exhibited a strong SHH immunostaining (Figs. 5D-5F ). At these axial levels, Ab80 epitopes were also found in the neural folds and adjacent mesoderm, including early condensing, paraxial presomitic, intermediate, and lateral plate mesoderm (Figs. 5D-5F ). We found that at these stages (neural plate-early neural fold), although Ab80 decorated neuroprogenitors, it was weak to barely detectable in the external limiting membrane (ELM, neuroepithelium basement membrane) underlying lateral neuroepithelium (Figs. 5C-5F ). After neural tube closure, staining of the ELM around the basal plate started to increase progressively (Figs. 5G and 5H, and Figs. 6A and 6C) and concomitantly with the development of a continuous basement membrane at the midline. Thus, SHH staining of the ELM becomes evident only later after closure of the neural tube at the level of differentiated somites, when the ELM becomes continuous in the basal plate. In the rostral half of the   FIG. 3 . Western blot analysis of SHH in extracts from isolated murine dental papillae and enamel organs (A, B) and from the mineralized compartment of rat incisors (C). After protein transfer, the nitrocellulose membranes were probed with Ab80 (A-C) and processed for detection by chemiluminescence. Immunoblots shown in (A) and (B) are from the same membrane, except that, in (B), the film was subjected to a longer exposure time. In the immunoblot shown in (B), lanes corresponding to extracts prepared directly in sample buffer (shown in A, lanes 5 and 6) were cut off as they generated a black trail. Extracts were prepared from E17.5 (lanes 1 and 2 in A and in B) or from E18.5 (lanes 3-6 in A and lanes 3 and 4 in B) developing first molars. Some extracts were prepared in lysis buffer (lanes 1-4 in A and B), and others were dissolved directly in SDS-sample buffer (lanes 5 and 6 in A). Extracts from the isolated enamel organ (lane 5 in A, lanes 1 and 3 in B) show both the full-length (45 kDa, arrowhead) and the N-terminal processed forms (19 kDa, arrow) of SHH. Extracts from isolated dental papillae (lanes 2, 4, and 6 in A, lanes 2 and 4 in B) show the 19-kDa form. In order to visualize the band corresponding to the full-length form of SHH in (B), the films were subjected to a long exposure time. This resulted in the appearance of extra bands of unknown origin at higher molecular weight. An immunoreactive component corresponding to the N-terminal processed form of SHH was present (arrowhead) both in the EDTA-solubilized fraction (lane 2, C) and in the subsequent GuCl extract (lane 1, C). The GuClextracted material (lane 1, C) was overloaded in order to increase detectability, thus representing double the amount of teeth as the EDTA extract. Lanes 3-6 represent enrichment by affinity chromatography for heparin-binding proteins in the EDTA (lanes 5 and 6 in C) and GuCl (lanes 3 and 4 in C) extracts, eluted by 0.5 M NaCl (lanes 3 and 5 in C) and 2 M NaCl (lanes 4 and 6 in C), respectively. In contrast to the crude extracts, distinct immunoreactive components were conspicuously present at lower M r in all four fractions.
FIG. 4.
Analysis of IHH immunostaining with MAb 5E1 (A) and Ab80 (B-I) on tissue sections from paraformaldehyde-(A-C) or ethanol-acetic acid-(D-I) fixed specimens. Section from humerus bone cartilage from an E16.5 Scid embryo after 6 days of culture in vitro with 25 M suramin showing IHH immunostaining in the extracellular matrix (A). Sections from wild-type (WT; B) and IhhϪ/Ϫ (C) hind limb cartilage treated with bovine testicular hyaluronidase. In the WT cartilage, staining is present in the extracellular matrix associated with the prehypertrophic, hypertrophic, and proliferation zones. Note the staining in the perichondrium/periosteum adjacent to the prehypertrophic and proliferation zones (B). IhhϪ/Ϫ cartilage is immunonegative (C). Section from nasal cavity cartilage at 7 dpp (D). Section from the distal end of the femur at 7 dpp (E, F) showing IHH immunoreactivity in the secondary center of ossification (asterisk in E) and in the growth plate. The periosteum adjacent to the prehypertrophic/hypertrophic zones (arrow in F) and the primary spongiosa are immunopositive. Sections from WT (G) and IhhϪ/Ϫ (H) forelimb cartilage at E18.5. Arrow in (G) shows staining of perichondrium/ periosteum. Section through the caudal vertebrae from E18.5 IhhϪ/Ϫ embryo showing SHH immunoreactivity in the notochordal remnant (arrow) and the absence of IHH staining in cartilage (I). Abbreviations: HZ, hypertrophic zone; PHZ, prehypertrophic zone; PS, primary spongiosa; PZ, proliferation zone. Scale bars, 100 m (D); 200 m (A-C, F-I); 500 m (E).
Vertebrate Hedgehog Long-Range Signaling diencephalon, Shh is not expressed in the ventral midline as in other neuraxis regions, but rather in two lateral strips (Echelard et al., 1993) . We found that SHH immunostaining extended ventrally and dorsally beyond its mRNA expression domain in the rostral half of the diencephalon at E9.5 (Fig. 5I) .
At E10 -E10.5 at hindlimb/proximal tail levels, SHH immunoreactivity was strong in the notochord (Figs. 5J and 5L, and Figs. 6A and 6C) . Outside the notochord, immunostaining exhibited a bidirectional graded pattern of staining, upward towards the ventral neural tube and downward towards the dorsal wall of the dorsal aorta (Figs. 5J, 6A and 6C). Interestingly, SHH immunoreactivity exhibited a graded staining pattern along the ELM and along the ventricular region, being strongest at the ventral-most area and decreasing gradually dorsally and fading at the level of the sulcus limitans (Figs. 5J, 6A , and 6C). It is noteworthy that, at this stage and axial level, the floor plate had not initiated Shh mRNA expression (Figs. 5K and 6B). At all times, sections from Shh mutants were immunonegative (Fig. 6D) . In sections from WT embryos, weak but detectable immunostaining was present ventrolaterally around sclerotomal cells (Figs. 5J, 5L , and 6A), and SHH/IHH staining was also found around mesodermal cells adjacent to gut endoderm (Fig. 5J) . At E10.5 at brachial and truncal levels, floor plate cells express Shh mRNA and protein (Figs. 6E-6G) , and the notochord is displaced ventrally. At these levels, SHH immunoreactivity in the neural tube had increased and was highest in the floor plate as well as in the ventricular and the ventrolateral zone, up to the sulcus limitans. Ab80 epitopes also decorated sclerotomal cells located ventrolaterally and around the notochord (Figs. 6E and 6F) . No staining was observed in the alar plate of the WT neural tube, nor in the neural tube from Shh mutant embryos (Figs. 6I and 6J). Finally, SHH immunostaining was detected in the ventral root of spinal nerves and exhibited a distinct punctate staining at E10.5-E11.5 (Fig. 6H) , as well as in nerve fibres emanating from the inner ear spiral ganglion at 5 dpp (not shown), suggesting a possibility of SHH axonal transport.
In the developing cerebellum (Fig. 6K) at 5 dpp, a strong SHH immunostaining was found in the somata of Purkinje cells. Staining was also present in the developing molecular layer, which contains granule cell precursor (GCP) axons that establish synapses with Purkinje cell dendrites. Detectable SHH immunoreactivity was also found in the external granule layer (EGL) which contains GCPs, and the staining seemed to be associated with tiny cytoplasmic projections, possibly representing emerging axons from GCPs and/or mature Bergmann glia cell extensions. Finally, immunostaining was present in the internal granule layer (IGL), consisting of postmitotic granule cells that migrated from the EGL and reached their final destination. At 5 dpp, Shh mRNA is confined to Purkinje cells, while SHH signal transduction genes are expressed in the EGL, IGL, and Purkinje cell layer (Dahmane and Ruiz i Altaba, 1999; Wallace 1999; Wechsler-Reya and Scott, 1999) . This suggests that the immunostaining found in the EGL likely represents Purkinje cell-derived SHH, which may have been transported through glia or GCP cell extensions. Purkinje cell-derived SHH has been suggested to play an important role in regulating proliferation and migration of GCPs (Dahmane and Ruiz i Altaba, 1999; Wechsler-Reya and Scott, 1999) , and deregulated SHH signaling has been incriminated in human and murine cerebellar medulloblastomas Goodrich et al., 1997) .
Long-Range Signaling of Hedgehog Proteins in Other Embryonic Structures
Immunohistochemistry on limb sections from specimens fixed with Sainte Marie's solution revealed immunoreac-FIG. 5. Ab80 immunostaining at different axial levels shown in transversal sections from E8 -E8.5 (8 -10 pairs of somites; A-E), E8 (5-7 pairs of somites; F, G) and E9 -E9.5 (H, I) embryos. At the caudal extension of the neural plate, Ab80 staining is present in the mesoderm (arrow in A) and is strong in the ventral aspect of the hind gut diverticulum (arrowhead in A and B) and weak in its dorsal wall (A, B). At more rostral levels, early notochordal cells show SHH immunostaining (arrow in C). Note that the neural tube has closed at the midlordotic region of the embryo (C, D) and shows SHH immunostaining in the ventricular layer of the basal plate. Asterisk denotes entrance to hind gut diverticulum and open arrow denotes splitting of the lateral plate mesoderm (C, D). At a slightly more rostral level to (C), SHH immunostaining has increased considerably in notochordal cells (D). Ab80 immunostaining is also detectable in the neural plate as well as in the adjacent condensing paraxial and lateral plate mesodem (D, E). Sections from the caudal region of the trunk (F) and at midlordotic region (G) of a younger embryo. Note the weak but detectable immunostaining of the neuroepithelium. The paraxial, intermediate, and lateral plate mesoderm as well as early somites show the presence of Ab80 epitopes. Note also that, at these early stages, the external limiting membrane (ELM) of the neuroepithelium does not exhibit a strong staining (F, G). Notochordal SHH is present in the ELM (arrow in H), the ventricular layer of the basal plate, in the futur floor plate as well as in sclerotomal cells (H). Section at the diencephalon level at E9.5 (I). Sections from E10.5 (J, K) and E11 (L) embryos at proximal and midtail levels, respectively, after Ab80 staining (J, L) and in situ hybridization for Shh (K). Note the range of distribution of notochordal-SHH in the basal plate and the presence of SHH/IHH immunostaining in mesodermal cells adjacent to the notochord and gut endoderm. The arrow shows Ab80 epitopes in the ELM (J, L). Abbreviations: da, dorsal aorta; di, diencephalon; e, endodermal lining of prospective midgut region; g, gut; lp, lateral plate mesoderm; m, condensing paraxial mesoderm; n, notochord; np, notochordal plate; nt, neural tube; pa, paraxial mesoderm; po, perioptic vascular plexus; Rp, peripheral boundary of entrance to Rathke's pouch; s, early somite; sc, sclerotome; va, vitelline artery. Scale bars, 50 m (F, G); 100 m (A-E, H, J-L); 200 m (I).
tive sites representing SHH in early developing limb buds (E10.5) and SHH and IHH at later stages (E11.5-E12). Sections from the hind limb at E10.5 displayed a gradient of SHH immunostaining. The posterior half of the limb was associated with the most robust staining, extending beyond the site of SHH biosynthesis which is confined to the posterior one-third of the posterior limb domain (Figs. 6L  and 6M ). Although weak, some SHH immunoreactivity was also detected beyond the posterior half of the limb, in a small area at the distal anterior half (Figs. 6L and 6O) . Cells in the core of AER were essentially negative. No immunostaining was found in limb sections from Shh mutant embryos (Fig. 6N) , except at E11.5 (not shown) when IHH was detected in the early cartilage condensations in the stylopod and zeugopod as in WT embryos (Fig. 6P) .
Organs developing through epithelial-mesenchymal interactions, including the hair, lung, and gastrointestinal tube, express the genes involved in Hedgehog signaling cascade. While Shh and Ihh are expressed essentially in the epithelial/endodermal contingent, Hedgehog transcriptional targets and effectors are mainly found in the mesenchyme (Bitgood and McMahon, 1995; Goodrich et al., 1996; Bellusci et al., 1997; Ramalho-Santos et al., 2000) . In the early gut and stomach (Figs. 7A and 7B ), Hedgehog immunoreactivity was found not only in the endoderm, but also in the underlying mesenchyme. Genetic ablation of SHH or IHH activity in mice induced dramatic alterations of lung, hair, and gastrointestinal tract organogenesis (Chiang et al., 1996 (Chiang et al., , 1999 Litingtung et al., 1998; Pepicelli et al., 1998; St-Jacques et al., 1998; Ramalho-Santos et al., 2000; Hebrok et al., 2000) . Together with our data, these findings suggest a direct role of Hedgehog signaling in the mesenchyme of organs undergoing epithelial-mesenchymal interactions, without the need for secondary intermediary signals.
In the embryonic (E18.5), postnatal, and adult gut, a robust Ab80 immunostaining was found in the mesenchyme but also in goblet cells (Figs. 7C and 7D ). Goblet cell immunostaining, which was also detected with 5E1Mab, was present in gut from embryos lacking Ihh or Shh function (not shown), suggesting that it may represent both SHH and IHH. As Shh and Ihh mRNAs are both expressed in the gut epithelium, the presence of the exceptionally high amounts of Hedgehog in goblet cells may be secondary to its accumulation in the mucus. Growth factors, such as bFGF and TGF␣ have been found in the gastrointestinal (GI) tract, with TGF␣ also being present in intestinal goblet cells. These growth factors are thought to participate in mucosal healing after injury and in renewal of the intestinal epithelium (Folkman et al., 1991; Pé rez-Thomás et al., 1994) . Whether Hedgehog peptides have similar functions in the GI tract needs further studies.
Role of Proteoglycans in SHH Diffusion
To address whether proteoglycans are involved in movement of SHH, we focused on the tooth. Dental proteoglycan (PG) content was modified by two approaches. In the first, sulfation of glycosaminoglycans (GAGs) was inhibited by treatment of tooth cultures with sodium chlorate (Farley et al., 1978) . Secondly, we used ␤-xyloside as a specific inhibitor of the xylose-linked classes of GAGs, including chondroitin sulfate (CS), dermatan sulfate (DS), heparin, and heparan sulfate (HS). ␤-Xylosides inhibit PG biosynthesis as they compete with the endogenous substrate, xylosylated core protein at the first galactosyltransferase level, thereby instead causing the synthesis of free GAG chains (Galligani et al., 1975; Thompson and Spooner, 1983) .
Molars cultured in the presence of Na-chlorate (Fig. 7L ) or ␤-xyloside (Fig. 7M ) and fixed with paraformaldehyde (PFA) showed a dramatic decrease or a total abrogation of SHH immunostaining in the dental papilla as well as in the inner enamel epithelium/preameloblasts. No changes in SHH immunostaining were induced with ␣-xyloside, the inactive ␣-anomer, suggesting that the action of ␤-xyloside was specific (Fig. 7K ). An unexpected finding was that Ptc1 expression was upregulated in chlorate- ( and ␤-xyloside- (Figs. 7G and 7P ) treated specimens as compared to molars cultured in the presence of ␣-xyloside (Figs. 7E and 7N) . No changes were evident in Shh mRNA expression after these treatments (Figs. 7H-7J ). Based on these findings, we reasoned that the loss of SHH immunoreactivity in target cells might be secondary to chlorate-and ␤-xyloside-induced alterations of the dental extracellular PG/GAG. Presuming that GAGs interact with SHH to retain it in the extracellular space, such modifications would make SHH more soluble in aqueous solutions. To address this possibility and knowing that GAGs are ethanol-precipitable, SHH immunostaining was made on sections from molars fixed in ethanol-acetic acid following cultures with chlorate and ␤-xyloside. In this case, no changes in SHH immunoreactivity were detected after chlorate (Fig. 8B) or ␤-xyloside (Fig. 8C) treatments. Immunostaining with MAb MC21C anti-C6S showed a drastic decrease of MC21C epitope in chlorate-treated molars (Fig.  8E) , whereas no changes were found in ␣-xyloside-and ␤-xyloside-treated molars (Figs. 8D and 8F ). Chlorate and ␤-xyloside exposures did not alter the overall MAb 10E4 anti-HS immunostaining (Figs. 8G-8I ).
DISCUSSION
Several lines of evidence suggest that Hh proteins are secreted and participate in long-range signaling events. Further, in the neural tube and limb, SHH has been proposed to act as a morphogen in eliciting concentrationdependent responses from target cells to specify their fate (Riddle et al., 1993; Marti et al., 1995b; Ericsson et al., 1996 Ericsson et al., , 1997 Marigo et al., 1996b; Yang et al., 1997; Briscoe et al., 1999 Briscoe et al., , 2000 .
In previous studies, attempts at detecting SHH outside SHH-producing cells in vertebrate tissues were not successful (Marti et al., 1995a) with one recent exception (Incardona et al., 2000) . By employing an ethanol-acetic acid fixation, we have demonstrated extensive long-range, graded distribution of Hedgehog ligands in a variety of embryonic structures. This procedure may act by maintaining PG/GAGs and proteins in an insoluble form, preventing antigen extraction during immunohistochemistry processing. The effect may be achieved by the protonation of carboxyl groups at low pH and by the presence of high ethanol concentration, which is known to precipitate GAGs. It is possible that this procedure, in addition, might unmask epitopes hidden by molecular conformation or intermolecular interactions, as for example in cartilage. Only in the developing tooth were we able to detect SHH in target tissues after paraformaldehyde fixation. This may be due to that the dental extracellular matrix is prone to retain the soluble peptide and/or that SHH is present at comparatively high levels in dental tissues.
Short-and Long-Range Shh Signaling during Early and Late Tooth Development and Putative Role of the Stratum Intermedium
Shh is expressed in the enamel knot, an epithelial component of the developing tooth at the cap stage (Vaahtokari et al., 1996; Hardcastle et al., 1998) , whereas expression of its targets is present in several cell types, excluding this putative organizing center (Hardcastle et al., 1998; Jernvall and Theseleff, 2000) . We detected SHH in the enamel knot as well as in the rest of the dental epithelium and mesenchyme at the cap and later stages during odontogenesis. These data, together with the phenotype of Shh mutant teeth (Dassule et al., 2000) , strongly suggest that SHH acts as a direct long-range planar signal to the dental epithelium (planar effect) and to the dental mesenchyme (Figs. 9F and  9G ) to control the shape, size, and cytodifferentiation of the tooth. During cap and bell stages of tooth development, Ptc2 is expressed in the enamel knot and inner enamel epithelium, respectively (Motoyama et al., 1998; Dassule et al., 2000) . Ptc2 expression is, however, unaffected in Shh mutant teeth at the cap stage (Dassule et al., 2000) . Whether Ptc2 is involved in SHH intraepithelial signaling at later stages is not known.
Soluble macromolecules, synthesized by odontoblasts and deposited in the collagen matrix, become captured in dentin upon its mineralization. This is the case for the mineralized tissue-specific noncollagenous proteins (NCPs) but also for several growth/signaling factors (Linde and Goldberg, 1993) , and this is equivalent to the situation in bone. We found that SHH was present mainly in EDTAsolubilized NCPs. A minor amount of SHH was also found in the GuCl fraction, presumably representing SHH strongly associated with the collagen scaffold or due to noncomplete EDTA demineralization. These findings suggest that SHH, observed as immunoreactivity in predentin matrix, becomes entrapped in the mineralized dentin, as do other growth factors.
During the early bell stage, a layer of squamous cells between the stellate reticulum (SR) and inner enamel epithelium marks the first appearance of the stratum intermedium (SI). Histodifferentiation of ameloblasts is preceded by a morphological change in the cells of the SI (Fig.  9G) . They become cuboidal, but retain their squamous aspect in the future enamel-free areas (Cohn, 1957) . The role of the SI is unknown. It has, however, been suggested to exert an organizer influence on preameloblasts (Lefkowitz et al., 1953) or to give rise to cells of the SR (Hunt and Paynter, 1963) .
We found that cells of the SI overlying differentiating preameloblasts and secretory ameloblasts strongly expressed Shh transcripts and protein. Further, Ptc1 expression was transiently boosted in polarizing ameloblasts and later in postmitotic, secretory ameloblasts. In Shh mutant teeth, preameloblasts are unable to polarize and elongate (Dassule et al., 2000) . Based on those findings, it is tempting to speculate that SHH emanating from the SI may be involved in maintaining cytodifferentiation of ameloblasts.
In developmentally advanced molars, the SR is replaced by a vascularized connective tissue derived from the coronal part of the dental sac (Lefkowitz, 1953; Hay, 1961) . Those changes are part of a sophisticated machinery involved in the metabolic activity of secretory ameloblasts. We found that those transformations were accompanied by a dramatic stimulation of expression of Ptc1 and of Shh at the mRNA and protein levels, suggesting that SHH may be involved in the process of "metaplasia" affecting the SR.
Direct Evidence for Long-Range Signaling of SHH in the Neuraxis and Paraxial Structures
Dorso-ventral polarity and generation of diverse cell types in the neural tube require orchestrated inductive signals derived from neighbouring tissues. SHH protein has been shown by gain-and loss-of-function to govern the proper pattern of neuronal cell types that extend far away from the source of SHH protein (for reviews, see Chuang and Kornberg, 2000; Jessell, 2000; McMahon, 2000) . There is strong indirect evidence that SHH acts in a graded, concentration-dependent manner to determine the fate of ventral neuronal progenitors in the neural tube (Marti et al., 1995b; Roelink et al., 1995; Ericson et al., 1996 Ericson et al., , 1997 Briscoe et al., 1999 Briscoe et al., , 2000 .
Despite the abundance of data about the long-range action of SHH in patterning axial structures, the protein has been detected only at sites of its synthesis, namely in the notochord and floor plate. Incardona et al. (2000) , however, recently demonstrated the presence of SHH in endocytic vesicles in the neural tube at some distance from the floor plate. We also observed punctate vesicular staining representing SHH in ventral neural progenitors (not shown), but this was only possible after extraction of cell surfaceassociated SHH by fixation in aqueous solutions. In this study, we were able to visualize SHH and IHH at axial and paraxial levels not only at their sites of production, but also in target areas.
We found that at the early neural plate stage, before an overt morphological differentiation of the notochord, SHH/ IHH immunostaining was present in the hind gut diverticulum and also in the neighboring mesodermal cells. At more rostral levels, although weak, our immunostaining clearly showed the presence of Hedgehog immunoreactivity in the unsegmented paraxial mesoderm, early somites, and at a lower level in the lateral plate mesoderm. These data suggest that low concentrations of Hedgehog proteins from notochordal cells (SHH) and from the underlying endoderm (SHH/IHH) are mobilized to affect development of paraxial and lateral structures (Fig. 9 ). This is consistent with studies of Shh/Ihh compound mutants (X. Zang, M. Ramalho-Santos, and A.P.M., manuscript in preparation). At early stages, the relatively weak staining of Hedgehog protein in paraxial and lateral mesodermal structures, as compared to the neural tube and at later stages to sclerotomal cells, might reflect differences in effective protein concentration or might be due to differences in turnover. At the neural plate/neural fold stage, before differentiation of the floor plate and activation of Shh in this structure, SHH was detected in the ventral neural tissue, consistent with the dorsal movement of notochordal SHH.
Early studies convincingly established that the neural tube basement membrane (the external limiting membrane, ELM) is continuous under the lateral neural epithelium at the neural plate and early neural fold stages. However, it is largely absent underneath the medial neuroepithelium near the notochordal plate/notochord (Martins-Green and Erikson, 1986, 1987; Martins-Green, 1988) . At these stages and just after neural tube closure, SHH immunostaining of the ELM was weak and increased progressively and concomitantly with the establishment of a continuous ELM between the notochord and the ventral midline of the neuroepithelium. This likely occurs when the notochord initiates its separation from the neuroepithelium. In vitro assays suggested that induction of floor plate by the notochord necessitates high SHH concentration and is contactdependent (Marti et al., 1995b) . These data suggest that heterotypic cell contacts may occur between the notochord and prospective floor plate cells at early stages. Our findings demonstrate also that notochordal SHH moves readily and in a graded fashion to encompass the ventral neural tube, up to the level of the sulcus limitans, and provide a direct evidence for a graded and direct long-range SHH signaling from the notochord to the basal plate. The graded pattern of immunostaining likely reflects a SHH concentration gradient which could underly the concentration-dependent organization of the ventral SHH target field.
After neural tube closure, SHH seems to accumulate transiently in the PG/GAG-rich ELM. High levels of SHH were also found in the ventral half of the neural tube luminal surface, and detectable but weaker amounts were found at the surface of and between ventral neuroblasts. Thus, in sum, given the pseudostratified structure of the early neuroepithelium, ventral neuroprogenitors are likely to be in contact with the morphogen at their apical and basolateral surfaces, though exposure is likely to be greatest apically and basally (Fig. 9E) . Finally, SHH immunostaining was found in the ventral root of spinal nerves, suggesting a possibility of SHH axonal transport. This is consistent with previous indirect evidence for Hedgehog axonal transport in Drosophila and vertebrate (Huang and Kunes, 1996; Wallace and Raff, 1999) .
Long-Range Signaling of SHH and IHH in the Developing Limb and Cartilage
In the developing vertebrate limb, Shh is expressed in the posterior mesoderm (Riddle et al., 1993; Echelard et al., 1993) , and Ptc1 expression partially overlaps Shh RNA domain . During limb development, SHH is a key signal in patterning the anterior-posterior axis (Riddle et al., 1993; Marigo et al., 1996b; Yang et al., 1997) and is a strong candidate for the polarizing region morphogen (reviewed in Tickle, 1999) . Earlier attempts at detecting SHH protein in the developing limb suggested a restricted distribution, although the possibility that the signaling peptide may be present at low concentrations, below the limit of detection, was not ruled out (Lopez-Martinez et al., 1995; Marti et al., 1995a) . Very recently, the long range signaling of SHH and its importance in limb patterning has been demonstrated by immunohistochemistry and genetic studies (Lewis et al., 2001) . We were also able to visualize graded SHH protein in the limb at a distance from its production. These data are consistent with SHH acting as a morphogen within the limb field.
Ihh and Parathyroid Hormone-related Protein (PTHrP) are required for normal skeletal development (Karaplis et al., 1994; St-Jacques et al., 1999) . It has been previously suggested that the rate of chondrocyte differentiation is modulated by a negative feedback loop operating between IHH and PTHrP Vortkamp et al., 1996) . Recent studies showed that IHH regulates the rate of chondrocyte proliferation by a largely PTHrP-independent pathway, and that IHH is required for PTHrP function (St-Jacques et al., 1999; Karp et al., 2000) . It is currently unclear whether IHH signals directly to stimulate proliferation of chondrocytes.
In this study, we showed that IHH produced by prehypertrophic chondrocytes moves through the extracellular matrix to reach proliferating chondrocytes, the perichondrium/periosteum, and the primary spongiosa. These data show for the first time that proliferating chondrocytes and bone cells may be a direct target of IHH during endochondral bone development. It is also tempting to speculate that IHH protein, remaining sequestered in the firstly formed bone matrix, would be released later during bone remodeling to modulate this process.
Proteoglycans and Sonic Hedgehog in the Tooth
In the developing tooth, syndecan-1 expression at the protein and mRNA levels as well as expression of native HS chains have been thoroughly documented (Vainio et al., 1989 (Vainio et al., , 1991 Bai et al., 1994) . The dynamic expression of syndecan-1 and HS chains correlates largely with that of SHH immunoreactivity (this study) in the developing tooth. Chondroitin-4 (C4-S) and chondroitin-6 (C6-S) sulfates are present in the developing tooth, mainly in its mesenchymal component (Mark et al., 1990) .
Normal HSPG biosynthesis has been shown to be required for proper cholesterol-modified Hh movement in Drosophila (Bellaiche et al., 1998; The et al., 1999) . We found that interference with proteoglycan sulfation and synthesis by sodium chlorate and ␤-xyloside, respectively, decreased or abrogated SHH immunoreactivity in the tooth in paraformaldehyde (PFA)-fixed specimens. This also led to an upregulation of Ptc1 expression in the dental mesenchyme. On the other hand, immunostaining after ethanolacetic acid fixation of the treated teeth demonstrated that the presence of SHH in the tissue was unaffected. Thus, it is likely that the abrogation or decrease of SHH immunoreactivity in PFA-fixed teeth was due to the loss of the protein during processing. This shows that chlorate-and ␤-xyloside-induced modifications of the extracellular matrix made it less prone to retain SHH protein in aqueous solutions. SHH immunoreactivity in sending and target cells was also totally abrogated in PFA-fixed molars after 2 days of culture with heparitinase and chondroitinase ABC (not shown). Previous studies showed that ␤-xyloside, in fact, stimulates the synthesis of soluble free chondroitin sulfate (CS) chains, but that it is ineffective as primer for HS (Schwartz et al., 1974; Galligani et al., 1975; Thompson and Spooner, 1993) . We found that chlorate treatment, inducing the synthesis of undersulfated glycosaminoglycans (GAGs), caused a dramatic decrease, while ␤-xyloside generally did not affect C6-S antigenicity. Recently, chlorate has been shown to drastically reduce overall O-sulfation of HS and to have selective effects on the 6-O-sulfation of different HS domains, without significantly affecting N-sulfation (Safaiyan et al., 1999) . MAb 10E4 has been shown to react with an epitope that occurs in native heparan sulfate and which seems to be determined by the N-sulfate residues (David et al., 1992) . Our finding of an unaltered MAb 10E4 immunoreactivity in the chlorate-treated teeth would be in agreement with an unaffected HS N-sulfation.
Our results showed that Hedgehog proteins are tightly associated with PG/GAGs, since they are visualized in target tissues only after preservation of GAGs by ethanol precipitation. Fixatives with high water content, such as PFA, cause GAG extraction during fixation (Tuckett and Morriss-Kay, 1988) . Thus, tissue preparation in PFA would lead to loss of Hedgehog proteins together with the loss of PG/GAG in Hedgehog target tissues. We cannot at present determine the exact events leading to Ptc1 upregulation after exposure to chlorate or ␤-xyloside. It could, however, be speculated that, because of the presence of abnormally low levels of O-sulfated GAGs (and thus of less macromolecular negative charges) and of soluble, free CS (instead of PG/CS) induced by chlorate and ␤-xyloside, respectively, SHH movement in the tissue would be less restricted. Also, HS-dependent SHH movement and/or stabilization in the target tissue may have been facilitated. The biochemical effects of the compounds would lead to an increased accessibility of specifically modified (sulfation on specific HS domains) HS chains to SHH. That SHH might be more sensitive to domain-specific sulfation pattern of HS is an attractive possibility that needs to be examined. The pattern and range of distribution of Hedgehog proteins in a given embryonic structure may, thus, be regulated by the pattern of distribution of specific classes of PG/GAGs. neuroepithelium, up to the level of the sulcus limitans. While weak at the early somite stage, the staining of the ELM becomes robust at the level of differentiated somites. Notochordal SHH moves also laterally toward the somites and downward toward the dorsal aorta (C). The amounts of SHH protein increase in the basal plate of the neuroepithelium and around sclerotomal cells after initiation of SHH synthesis by the floor plate (D). The gradient of SHH staining in the neuroepithelium (green), likely represents SHH protein concentration. Schematic drawing modified after Drews (1995) showing the basic structure of the pseudostratified neuroepithelium and the relationships of neuroblasts with SHH protein (E, see text for details). Schematic drawing showing the movement of SHH in the tooth at the cap (F) and late bell (G) stages from SHH-synthesising (stippled) cells to target ones. At the cap stage, SHH from the enamel knot signals to the adjacent epithelium (planar signal) as well as to the dental mesenchyme. At the late bell stage, SHH from the inner enamel epithelium and preameloblasts signals to the rest of the epithelial enamel organ and to the dental mesenchyme. At the tip of the principal cusp, differentiating ameloblasts receive SHH signaling from the overlying cuboidal stratum intermedium (cSI) and stellate reticulum (SR). cSI and SR-derived SHH also signals to the coronal aspect of the dental sac and to the outer enamel epithelium. Before predentin secretion, the dental basement membrane is continuous and permeable to SHH. After predentin secretion, preameloblasts and odontoblasts establish cell contacts, and SHH may be transported via cell processes, through predentin matrix, or via both structures. Abbreviations: A, ameloblasts; BM, dental basement membrane; cSI, cuboidal stratum intermedium; DA, dorsal aorta; DM, dermomyotome; Dm, dental mesenchyme; DP, dental papilla; DS (in C), differentiating somite; DS (in F and G), dental sac; EK, enamel knot; ELM, external limiting membrane; FP, floor plate; HG, hind gut diverticulum; IEE, inner enamel epithelium; IM, intermediate mesoderm; LPM, lateral plate mesoderm; N, notochord; NF, neural fold; NoP, notochordal plate; NP, neural plate; NPP, notochordal plate precursors; O, odontoblasts; OEE, outer enamel epithelium; PA, preameloblasts; PAM, paraxial mesoderm; PD, predentin; PME, primitive midgut endoderm; RF, roof plate; SL, sulcus limitans; SO, somatopleure; SP, planchnopleure; SR, stellate reticulum; sSI, squamous stratum intermedium. For clarity, the spread of SHH/IHH to mesodermal structures was not represented in green color in (A-E).
How Does Hedgehog Reach Distant Target Cells?
During odontogenesis, from dental lamina formation to predentin secretion by odontoblasts, a stage-specific dental basement membrane (BM) separates the dental epithelium and mesenchyme. The dental BM undergoes a progressive breakdown during terminal differentiation of ameloblasts. At this stage, preameloblasts establish cellular contact with odontoblasts through localised interruptions of the BM (Fig. 9G) (Slavkin and Bringas, 1976; Ruch et al., 1983) .
During early tooth development, SHH protein was able to move across the BM to reach dental mesenchyme cells. Movement of growth factors during epithelialmesenchymal interactions across a BM is not a novelty. However, compared to other growth factors, SHH is characterized by the presence of a cholesterol modification making it membrane-tethered. Recent evidence suggested that cholesterol modification may not be necessary for long-range signaling of SHH in tissues involving epithelial-mesenchymal interactions, including the tooth (Lewis et al., 2001) . However, whether another lipid modification, namely palmitoylation (Pepinsky et al., 1998) , is involved is not yet known. The PG/GAGrich BM may act as a vehicle to concentrate and deliver the signaling peptide during early stages of odontogenesis. After early predentin secretion, SHH may be transported from young ameloblasts to odontoblasts via cell processes, as predentin is permissive for heterotypic cell contacts. This would be in agreement with the suggested mode of Hh transport involving cytonemes (RamirezWeber and Kornberg, 1999) . Alternatively, as early predentin is not completely impermeable to growth factors, SHH may still be able to cross it to reach the dental papilla. In effect, both modes of SHH trafficking may be involved (Fig. 9G) . In cartilage, as chondrocytes are matrix-encased cells, it is likely that IHH is transported through the PG/GAG-rich extracellular matrix.
At the neural plate, early neural fold stages and soon after neural tube closure, given the absence of a continuous ELM at the midline, notochordal SHH may be transported to the basal plate largely via cell-cell contacts. The early neural tube is a pseudostratified epithelium, with the ELM serving as its base and the boundary of the central canal serving as its apex (Fig. 9) . The ventral aspect of the ELM, the notochordal basement membrane, as well as the interstitial matrix of the ventral mesenchyme are known for their relatively high amounts of PG/GAGs (O'Shea, 1987; Copp and Bernfield, 1988; Trasler and Morriss-Kay, 1991; Perissinotto et al., 2000) . Given the pattern of distribution of SHH in the basal plate, it is likely that the PG/GAG-rich ELM plays a role in SHH movement at the basal surface of neuroepithelium. In the ventricular layer, protein movement might involve cell-to-cell transfer and/or incriminate cell surface proteoglycans.
